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CRUSTAL STRUCTURE FROM SAN FRANCISCO, CALIFORNIA, 

TO EUREKA, NEVADA, FROM SEISMIC-REFRACTION MEASUREMENTS* 

By 

Jerry P. Eaton** 

Abstract . Seismic-refraction measurements from chemical explosions 

near San Francisco, California, and Fallon and Eureka, Nevada, were made 

along a line extending nearly 700 km inland from San Francisco across 

the Coast Ranges , Great Valley, Sierra Nevada, and Basin and Range 

Province . The velocity of Pg in the Basin and Range Province was found 

to be 6. 0 km/sec . Between Fallon and Eureka t he velocity of Pn is 

7 . 8 km/sec, and just east of t he Si erra Nevada it is about 7 . 9 km/sec . 

Two prominent phases closely following the first arr ival between 50 and 

250 km from the source in the Basin and Range Province were interpreted 

as reflections from an intermediate layer and from the Mohorovicic 

discontinuity . The vel ocity of P i n the possible intermediate layer, 

deduced from the reflected phases because the refracted wave expected 

from this layer is nowhere a first arrival, seems to be 6. 6 km/sec at 

the top of the layer and probably increases with dept h. 

* Work performed under ARPA Order No . 193-62. 

** U. S. Geological Survey, Denver, Colorado . 

l 



In the Coast Range northeast of San Francisco, the velocity of P 

in the cr ust, 5.4 to 5.6 k.m/sec, is subs t antially smaller t han in the 

Basin and Range Provi nce . When corrected for abnormal delays i n the 

sed iments, first arrivals from San Franc i s co a cross the Great Vall ey 

suggest a Pn ve lac i ty of 7. 9 k.m/ sec . The lovl apparent velocity of 

firs t arrivals on t his profile beyond the vall ey indica t es that t he 

Moho di ps dowm1ard beneath the Sierra . 

From a dep t h of about 20 k.m beneath t he Coast Ranges and Great 

Val ley, the Moho descends to a t least 40 km beneath t he high Si erra . 

East of the Si erra i t rises r apidly to about 22 km beneat h Carson 

Sink and then dips dow-nward t oward Eureka} \'Ther e it reaches a depth 

of 32 km. If the intermediate layer i s r eal, the foregoi ng depths 

are increased by 2 t o 5 km . 
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CRUSTAL STRUCTURE FROM SAN FRANCISCO, CALIFORNIA, 

TO EUREKA, NEVADA, FROM SEISMIC-REFRACTION MEASUREMENTS* 

By 

Jerry P. Eaton** 

Introduction. Se i smograms analyzed in t hi s paper were derived from 

chemical explosions at three shotpoint s : "San Fr ancisco," in the Pacific 

Ocean about 25 km southwest of t he Golden Gate , Californi a ; "Fallon," in 

Soda Iake about 10 km northwest of Fallon, Nevada; and "Eureka1
11 in 

drill holes near the east edge of Newar k Valley about 25 km east of 

Eureka, Nevada . 'Ihey were r ecorded along a l i ne extending inland about 

700 km from San Fr ancisco t hat is near ly perpendicular to the major 

structural trends of the geologic pr ovi nces it traverses: Coast Ranges, 

Great Valley of California, Si er ra Nevada, and Basin and Range. The 

work was done as a part of t he VELA UNIFORM pr ogram of the Advanced 

Research Projects Agency, Department of Defense . 

'Ihis long line is made up of four se ismic profiles: San Francisco 

to Fallon, Fall on to San Francisco, Fal lon t o Eureka, and Eureka t o 

Fallon. The distance between shotpoint s at San Francisco and Fallon 

(394 km) was too great for the execution of a reversed pr of i le; so 

these profiles were treated separately. The shotpoints at Fallon and 

Eureka were sufficient ly close t ogethe r (276 km ) t hat a l i mited reversal 

of the profile was achieved . Although subsurface overlap was small, 

these lines were treated as a reversed profile . 

* Work performed under ARPA Order No . 193-62. 
** U. S. Geological Survey, Denver, Colorado . 
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A fifth (unreversed) profi le , along t he ea st side of the Sierra 

f r om Fallon to OHens Valley , California, pr ovides addi tional evidence 

on the nature of the crust near the Fallon shot poi nt. Records from 

one l ocat i on in the high Sierra and from four locations along t he 

1r1e st flank of the Si er ra wer e i ncluded with this pr ofi le for compari son 

w· t h r ecords f r om t he east s ide of the range . 

Shot point s ( s tars ) and r ecor di ng l ocations (dot s) are plotted on 

the l ocation map (Fig. 1), which also shows the r el a tion bet ween t he 

pr ofi l e s and the major geologic f eatures of the r egion. 

For each of t hese five prof ile s , the major phases of the 

compr essional -wave group were studied i n t erms of t ravel time, 

ampl .itude , and per iod . Travel time proved to be the most useful 

paramet er for analys is 1 although amplitudes ~rrere of gr eat help in 

correlating wave s bet~rreen r ecords . Periods varied little wi t h phase , 

charge , or distance . 

T'ne long-range r ef raction equipment whi ch recorded t he seismo

grams used i n t his st udy has been descr ibed by Warrick and ot hers 

(1961). An outline of f i eld pr ocedures is presented by Jackson, 

Stewar t , and Paki ser (1963) i n this symposium. 

Chemical charges r anging in si ze f rom 1,000 to 11, 000 lbs . were 

detona t ed t o generat e sei smi c •raves for the profile s st udi ed . Tbese 

1r1aves wer e r ecorded by 10 r efra ction units spaced a t i nter vals along 

a profil e J a s descrned by Jackson, St e1r1art, and Pakiser (1963). 
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Figure 1.-- Location map showing relationship of profiles to the geologic 
provinces they cross. Shotpoints are marked by a star; receiver locations 
by a dot. Near Fallon, R, D, and F mark the 1954 breaks along the Rainbow 
Mountain, Dixie Valley, and Fairview faults which were associated with the 
Fallon-Stillwater and Dixie Valley-Fairview Peak earthquakes of that year. 
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Information from the sei smograms . The most crucial step i~ 

reading the seismogram is the identification of significant wave 

arrivals . "First breaks" are commonly distinct to ranges of 100 to 

150 km if background noise is not unusually hig~ . At larger distances 

or in the presence of high noise , identification is far more difficult . 

Wit h a single t race , one must r ely on a change in amplitude or 

character (period and general wave structure ) t o i dentify t he signal . 

Wi th several se ismomet ers in a linear array , coherence of a suspect ed 

signal f r om seismometer t o seismometer and its phase velocity across 

t he spr ead are additional powerful criteria f or distinguishing signal 

from noise . To i dentify secondary arrivals one must depend heavi ly 

on these criteria, for l at e-arriving energy from earlier waves keeps 

the seismomet ers in constant agitation . 

In the analysis of seismograms on which t his paper is based, an 

attemp·t was made to read all of the distinct phases of the P group : 

t he earliest arrivals plus later arrivals which were strongly 

coherent a cross the spread. Not all of these could be correlated 

from spread t o spread, however . Arrival times of each phase at t he 

se ismomet ers nearest and most distant from the shotpoint were measured . 

Begi nnings of phases, the first portion of a wavelet or group of 

wavelets which could be followed across t he spread, not the most 

prominent "leg" of t he phase , were timed" For t he period of an 

a rrival , t he average time interval between the t wo most prominent 

peaks or troughs was adopt ed. The amplitude of the phase was taken 
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to be the average of t he amplitudes recor ded on the verti cal seismometers 

of the largest peak-to- trough swing in the f i rs t few half cycles of the 

arrival, usually the part of the arrival which showed the most disti nct 

"character. " Seismograms illustrating the appearance of good records 

at two shot-to- recorder dist ances are reproduced in Fi gure 2 . Both 

records were traced from the low level (-15 db ) oscil l ograph monitors : 

in each case t he high l evel (0 db ) monitor showed clear firs t breaks , 

but amplitudes of lat er phases were t oo large for tracing . Phase 

identificat ions a r e based on int erpretations of the traveltime curves . 

Calibration signals shown at the right wer e recorded immediately 

after t he shot and with the same filter and gain settings as were used 

for the seismic signal . With the filters used (37 cps, 36 db/octave 

high cuts for vertical channels l thru 6 and 18 cps, 36 db/octave high 

cuts for horizontal channels 7 and 8) no di:fferenc€ 5. :\ ::bserved in the 

amplitude r esponse of the sys t em to 3 cps and 10 cps calibration signals 

of the same rms voltage . These frequencies span almost the entire r ange 

of those recorded on seismograms of this study; so the volt age r esponse 

of the seismic-recording system i s essentially independent of frequency 

over the range of int erest . 

The derivation of an equation for reducing trace amplitudes t o 

ground amplitudes can be carri ed out conveniently in two steps: (1) 

calculate the volt age produced across the r e cor der input t erminals 

by a simple harmonic gr ound motion of given amplitude and frequency, 
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and (2) de t ermine t he input voltage corresponding to the recorded signa l 

amplitude , 

Calibration data supp lied by the manufacturer ( Hall-Sears ) for 50 

HS-10 seismometers can be summarized as fo llows : 

S~bol Average Var i ation 

Natural frequency F 2 , 04 cps +7% to -7% 

Suspended mass M 745 gm +4% to -2% 

Coil r esistance -r 389 ohms +8% to =2% 
( frac tion 

Residual damping ~0 0.22 of + 5'% to - 15% 
critical ) 

Elec trodynami c constant G L l2 volts/em/ +10'% to -10% 
sec 

Elect r odynamic damp i ng r 64 5 +21% 0 - 20% 
constant 

From 2 cpa to 100 cps the recorder input i mpedance » Z9 was fo und to 

be appr oximate ly 1550 ohms (essentially res i s t i ve at freq uenc ies o f 

interest) , Measured r esistanc es, L, of the seismometer cables were ~ 

60 ohms for channels 3, 4, 7, 8 ; 180 ohms f or channels 2 and 5; 300 ohms 

for channels 1 and 6. 

For the average seismometer on a cable of intermedia t e length 

(2 or 5) ~ the tota l damping is o. 52~ 

52% of crit ical. 
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If t he sei smomet er is subjec t ed t o a simple harmoni c mot i on of 

frequency f and ampli t ude A. 

o> ~ =- A ~ 2 -rrft 
wher e E i s t he component of ground motion to which t he se i smometer 

r e sponds and t i s t i me » t hen t he vo l tage across the recorder i nput is 

Le t S be the peak- t o- trough ampli t ude, i n mill imeters ~ of an event 

on t he se i smogram for which we wish t o calcu l a t e the ground displace-

ment A (Fig . 2) . Let C be the peak- to-tr ough amplitude , in millimeters, 

on the s ame seismogram of t he ca libration signal s f or which the metered 

calibration voltage was Vr(rrros) 

r equired to produce t he signal S is 

Then the peak input voltage 

Combi ni ng equations 2 and 3 and evaluating t he res lt for an average 

se i smometer on a cable of intermedia t e l engt h , 

For frequenc ies between 2 and 10 cps 9 

(5 ~ A 2...6 s V 
I M)J. :::. - -f c 

approximately . 

The amplit ude is in millimicrons if V is expressed in microvolt s ( r ms ) 

and f is i n cycles per second . 
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Figure 2.-- Seismograms from the profiles between Fallon and Eureka. The vertical lines indicate 
seconds past shot time. Individual traces are identified by the component of ground motion measured; 
vertical (v), radial (R), and transverse (T), as well as by the recording channel, 1-8. Distances 
from the shot to the nearest receiver , Vl, and the farthest receiver, v6, as well as to the three
component "plant" are indicated. Calibration signals recorded with the same instrument adjustments 
used with the seismic signals are shown on the right. S and C are representative signal and 
calibration amplitudes from which ground motion amplitudes are calculated. "Up" on the trace 
corresponds to ground motion up, away from the shot, and clockwise about the shot (viewed from above) 
for v, R, and T, respectively. 



Equation (5) wa s used to r ed\l.lice all measured se ismogram amplitudes 

to ground motion . Deviations in i ndividual seismometer response~ from 

the average are no larger than the natural varia t ion i n ampli t ude of a 

given phase from one end of the spread to the other ; so no large error 

is introduced by using average seismometer character ist i cs in evaluating 

average recorded ampli t udes . 

P i n the sialic crust of t he Basin and Range Province. Short~range 

r efraction mea surement s at nine shotpoints in t he Bas in and Range Province 

reveal a wide variation i n the thickness and '\l'elocity of the near- surbce 

rocks which overlie the crystal line crustJ with a ve loc ity near 6 km/sec , 

This variation is respons ible for the difference in the inter cept of Pg 

from profile to profile and for t he scatter of Pg trave ltime~ from point 

to point along a given profile . Ve l oc it ies in the near-sur f ace r ocks 

fal l i nto two gro ps , one with an average near 1. 9 km/s~c and the ot her 

with an aver.s~ge near 3o 5 km/ sec . Rocks of the fir s t gro\l.lip are pnl.m<l!lr :Uy 

accumu lations of c las tic deposits of Cenozoi c age i n the bms ins ; and 

those of the second group seem chiefly t o be pre-Tertiary sedimentary 

rocks . 

Because the l ow-velocity near-surface rocks form only an irregular9 

di scontinuous blanket over the crystalline cru st» it is the wave r efr acted 

through the latter 9 Pg ~ that mus t serv~ a s the sei smic dat \l.lim. 
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On profiles shot from Fallon and Eureka, Pg emerged as the first 

arrival within a few kilometers of the shotpoint. It continued as the 

first arrival to the point at which Pn, the wave refracted along the top 

of the mantle , emerged ahead of it at distances between 130 and 170 km. 

First arrivals from Fallon and Eureka were plotted (with a reduced 

time scale, T - 6 /6 vs ~) from the shotpoint to the Pn crossover 

(Fig. 3). The line segments representing wave arrivals connect the 

time of the phase at the nearest and farthest readable trace on each 

spread. Along all profiles the velocity of Pg is near 6.0 km/sec. 

Along each profile, arrival times are scattered through a range of 

more than half a second about the average line drawn through the 

arrivals. The maximum ranges in arrival times of Pg about a 6.0 km/sec 

reference line, over an arbitrary distance interval not larger than 

25 km, along individual profiles are: Fallon S, 0.6 sec between 39 

and 45 km; Fallon w, 0 . 6 sec between 83 and 96 km (excluding Pg 

arrivals in the Sierra); Fallon E, 0.7 sec between 66 and 89 km; 

Eureka W, 0.6 sec between 56 and 64 km; and Eureka E, 0.5 sec between 

21 and 46 lon. 

The cause of these large variations in arrival times seems clear, 

for they occur where the profiles cross from the flat alluviated basins 

onto the ranges between them. Along the profiles reported here, the 

delay in Pg as it emerges through accumulations of low-velocity deposits 

in the basins is the chief cause of the observed scatter in Pg arrival 

times. Similar delays are encountered when the shotpoint is underlain 

by thick sediments as at Soda Lake in Carson Sink (Fallon shotpoint). 
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Such delays are revealed not by scatter in Pg travelt imes along a given 

profile but by variations in the Pg intercept from pr ofile t o profile . 

Because near-surface r ocks vary so drastically from point to point 

along the Basin and Range profiles, it is helpful t o formalize t he 

treatment of shotpoint and receiver Pg delays . Let b Ti be the delay 

of Pg in the surface rocks beneath the receiver Ri , a t a distance 6 i 

from the shotpoint, and let STs be t he analogous delay of Pg i n the 

surface rocks beneath the shotpoint . The travel t ime of Pg t o Ri is 

T . - 6i 
1.- --

vg 
crystalline 

+ 8 Ts + 8 Ti, where V g is the velocity of P in the 

crust . If 8 Ti does not vary systematically along the 

profile and if records from many locations are available, a traveltime 

line drawn to minimize t he sum of the absolute values of the Pg 

residuals has an int ercept To=- 0 Ts + i Srr:.·/n and a slope 
£=I 

1/Vg, approximat ely . If 8Ti does vary systematically along t he profile , 

the traveltime graph must be interpret~d cautiously. 

First arrivals out to 170 km along the profile f rom Fallon to 

Owens Valley (Fig . 3 ) vary systematically with distance . Arrivals 

very near t he shotpoint, in Carson Sink, det ermine a near-surface 

veloci ty of about 1 . 9 km/sec. Arrivals 12 km from the shotpoint, 

referred to a velocity of 6 . 0 km/sec, indicate a Pg intercept (Ti -

6 i/6 = S Ts + 8 Ti) of l. 7 seconds . The next spread, r ecorded nearer 

t he south edge of Carson Sink, indicates a somewhat smaller Pg intercept . 

Spreads at 30 km and 40 km, both recorded on the range just south of the 

Sink, suggest an intercept smaller than 1 . 2 seconds . The next three 

14 



spreads, recorded in basins farther south, indicate an i n tercept of 1. 6 

to 1. 7 seconds . Beyond 75 km there was greater latitude in the choice 

of recording l oca tions , and sedimen t - filled basins were avoided because 

of the high background noise levels . Pg arrivals at these spreads, 

still referred to velocity of 6 . 0 km/sec , suggest i ntercept s between 

1. 1 and 1 . 4 seconds . 

If a Pg travel time line is drawn t hrough the se arr i vals wi t hout 

regard to the geologic environments o f the spreads , the preponderance 

of "basin" spreads near Fallon leads to an overestimate of bo th t he 

intercept and velocity of Pg . To mi nimize this difficulty . wave a r riva ls 

recorded at spreads on ranges near Fallon were identified (R) ( Fi g . 3) . 

The P line was then drawn through the se and more dis t ant "range" arr iva l s g . 

a long the Fallon S profile : it s equation i s T = 1. 18 +6/6 . 02 . This 

line al so fits the range arrivals on the Fallon E and Fallon W profiles 

sufficiently well t hat it will be adop ted a s the P traveltime curve for g 

a ll profiles from Fallon. 

Pg( ?) arrivals beyond 125 km on the Fallon W profile appear to lead 

thi s line by a significant amount . 

On the assumption that the depth of fill in Carson Sink varies litt l e 

over the central par t of t he sink~ bT
8 

can be estimated . For arrivals at 

stations near the shotpoint in the central part of the s ink ( C on Fi g , 3) 

8T1 = bT5 , approximately ; and 8Ti + 8T
8 

= 1. 76 second , the int ercept 

of the dotted l ine drawn parallel to Pg and thr ough the Carson Si nk 

ar rivals . Thus , the Fallon shotpoint Pg delay i s 0 . 88 second . From this 

r esult and t he 1. 18 second Pg intercept , i t fol l ows that t he average Pg 

delay beneath a range spread is 0 . 30 second . 
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From the Eureka shotpoint P was recorded to a distance of 155 km g 

toward the west and 55 km toward the east As _amplitudes were generally 

small , late arrivals at di s tances beyond 100 km ar e not rel i able as 

f irs t breaks ; and they were given li t tle weight i n the determination of 

the traveltime line . Although the most striki ng feature of this travel-

time curve is t he sequence of three spreads fr om 56 t o 64 km where the 

pr ofile crosses a buried fault between Antelope Valley and the Monitor 

Range , with a change of 0 . 64 seconds in Pg delay , there appears to be no 

systematic variation i n Pg delay from one end of the profile to the 

other . The Pg line through the Eureka data drawn to favor the superior 

westward pr ofile is T = 0 . 66 +~/5 . 98 . Lines para lle l to thi s one , 

drawn to bracket early and late arrival s from 0 to 75 km have intercept s 

of 0 . 33 and 1 . 06 seconds , respectively . The lower limit sets t he 

maximum value o f (S.Ts at 0 . 33 second and the minimum value of the average 

r ange Pg delay at 0 . 33 second . 

The difference i n Pg ve locity obtained from the Fallon and Eureka 

profiles is only 0 . 04 km/sec . Variations in P delays along .all profiles 
g 

and the difference in Pg intercepts at Fallon and Eureka are substant ial . 

Such large variations in Pg de lays force us to consider techniques for 

evaluating delays su ffered by waves emergi ng from deeper hor i zons when 

they traver se the near-surface rocks. 

Traveltime corrections. Corrections to observed trave ltimes for 

known variations i n near-surface rocks and ground surface elevation are 

essential in the analysis of a profil e such as tha t fr om San Francisco 

16 



to Fallon . which begins at sea level on the cont i nental margin , crosses 

the Coast Ranges and the deep , sediment - filled Great Valley, and a scends 

the wes t s l ope of the Si erra Nevada to receiver elevat ions greater t han 

7000 feet . Corrections app lied in this paper were those calculated t o 

yield travel times which would have been observed if the earth were fla t 

and if the crys talline crust extended to the surface at each shotpoi nt 

and rece iver . 

No correc tion to Pg is r equired for a simple change in ground 

surface elevation along the pro f ile , because t he horizonta l distances 

traveled by Pg are very large compared to changes in surface elevation , 

To correc t the t raveltime of a wave emerging from beneath t he upper 

surface of the crystalline cru s t and traveling with an apparent velocity , 

V, great er than V , to a common (usually shotpoint) datum, subtract from g 

u or= JhVv':.Vs,_ /v ~ , where8h is the elevation of the 

receiver minus that of the shotpoint . For Vg = 6 . 0 km/sec and V = 8 . 0 

km/sec , bT (sec)= O, ll bh (km) . This correction " subtracts " a slab of 

cr ust of appropriat e thicknes s to adjust t he receiver elevation to that 

of the shotpoint . 

To correct fo r near-surface l ow-velocity materials , they were 

"replaced'' by r ock with veloc i ty V g ' Except for particular r eceivers 

at crucial locations such as t ho se in t he Great Valley, the near-surface 

corrections were no t a pplied to individual receivers . They were applied 

to shotpoint s and to the "average r eceiver" on the basis of observed Pg 

intercepts and de lays . 
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On the basis of results from the shotpoint surveys , which indicated 

prevalent near-surface velocities of 1 . 9 km/sec and 3 , 5 km/sec , the near-

surface rocks might be represented by d1 , 9 km of ma terial with a velocity 

of 1.9 km/sec overlying d3 •5 km of mater i al with a ve l oc ity of 3 . 5 km/sec 

which in turn rests on crustal rocks with a veloci ty of 6 . 0 km/sec . If 

all boundaries are flat , near-surface delays of Pg and of waves with 

apparent velocities of 7. 0 km/sec and 8 . 0 km/sec would be : Pg , bT (sec) 

= o. so dl. 9 + 0 . 23 d3•5 ; V = 7. o , 8T (sec)= 0 . 42 d1. 9 + 0 . 16 d3 •5 ; and 

v = 8 , o , 8T (sec) = 0 . 40 dl. 9 + 0 . 15 d3 • 5 • 

A rea listic estimate of t he effect of thi ck sedimentary depo s its on 

traveltimes of seismic waves cannot ne glect t he increase in velocity wi t h 

depth in such materials , however . Hafner (1940) use d t he linear veloci ty-

depth relationship V = V
0 

+ AZ , where V is the velocity at depth Z and V
0 

is the near- surface ve loc ity , in a di scussion of seismic ve loc ities in the 

Tertiary basins of California . For the part of t he Great Valley cro ssed 

by the San Francisco t o Eureka profile , he reported t hat an average value 

for A i s about 0 . 55 . Velocity log s from several wells along t his profile 

indicate a one-way traveltime from 0 to 6000 f eet . along a ver tica l path , 

of about 0 . 79 second . With A= 0 . 55 , this result requires t hat V
0 

= 1 . 85 

km/sec . Because nearly the same velocity (1 . 9 km/sec ) was found for t he 

near - surface materials in sediment-filled basins in the Basin and Range 

province by the shotpoint surveys , the law V = 1. 9 + 0 . 55 Z was used to 

calculate near-surface delays in both regions . 
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For a flat-bottomed basin of depth h and velocity 1 . 9 + 0 . 55 Z 

overlying a crust with velocity 6.0 km/sec, near-surface delays of 

Pg (velocity 6.0 km/sec) and of waves with apparent velocities of 

7. 0 km/sec and 8 . 0 km/sec are presented as function s of h in Figure 4 , 

Along a profile confined to the basin, .Pg emerges ahead of the direct 

wave through the sediments at a distance6x (Fig. 4 ) and its traveltime 

line has an intercept equal to twice the Pg delay . The curves in 

Figure 4 were terminated at h = 7.46 km , at which depth t he velocity 

nominally reaches 6 . 0 km/sec , The l inear velocit y law fail s at great 

dep t hs , and the velocity in t he sediments probably approaches that i n 

the crust rather gradually . Such considerations do not de tract seriously 

from the usefulness of the law in estimating travel time delays in the 

sediments because t he shallow par t of the basin i n which the law ho lds 

fair l y we ll is responsible for most of the de lay . 

Possib le differences in the overall interpretation of a profile 

that might result from different near- surface ve locity model s were 

evaluated for a specific case . The average range Pg de lay on the Fallon 

to Owens Valley profile is 0 . 3 seconds . The thicknes s of the near-surface 

"layer" and, more important , the corresponding near-surface delays of 

waves with apparent velocities of 8 . 0 km/sec (Pn ) and 7. 0 km/ sec (P*) 

were calculated for three models : (1) a single layer with ve l ocity 1. 9 

km/sec , (2) a single layer with velocity 3 . 5 km/sec, and (3) a "basin" 

with velocity 1 . 9 + 0.55 Z. In all three models Vg was assumed to be 

6 . 0 km/sec . 
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figure 4.-- Traveltime delays in sediments. Near-surface delays, 8T, for waves 
with apparent velocities of 6.0 km/sec (Pg), 7.0 km/sec (P*), and 
8.0 km/sec (Pn) emerging through a sedimentary basin of depth h and 
velocity 1.9 + 0.55 Z km/sec overlying a crust of velocity 6.0 km/sec 
are plotted as a function of h. Z is depth in km. /).. x, the distance 
at which Pg emerges ahead of the wave refracted through the sediments, 
is also plotted as a function of h. In the basin, the Pg traveltime 
line intercept is twice the Pg delay. 
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Model Pg delay (sec) h (km) Pn delay (sec ) P* delay (sec) 

1 0 . 30 0 . 60 0 . 24 0 . 25 

2 0 . 30 1.3 0 . 19 0 . 21 

3 0 . 30 0 . 65 0 . 23 0 . 23 

Although t he different models l ead to different estimates of the 

thickness of the low velocity r ocks above t he crust, t hey yie l d rather 

similar corrections to arrival times of waves from deeper boundaries , 

For the sake of uniformity , the linear velocit y law was used for a ll 

near-surface corrections applied in the treatment of t he da t a . 

Trave ltime curves. Near t he point where the Pn and Pg lines c ro ss j 

several waves of interes t arrive wi thin an interval of only one second . 

Reduced traveltime plots on which T -~/V is plotted v s~ . where T is the 

traveltime of a wave to di stanc~and V is a convenient velocity , are 

capable of much higher time resolution than the familiar time- dis t ance 

graphs . To illustrate t he appearance of a r educed trave l time curve and 

t o anticipate and clarify some results from the Basin and Range prof iles , 

a reduced traveltime diagram for a part icu lar struc ture is depicted in 

Figure 5 . For a two layer crust consisting of a 6 . 0 km/sec "granitic " 

layer 18 km thick lying on a 6 . 7 km/sec "intermedia te" layer 12 km 

thick above a 7. 8 km/sec mantle , trave lt i me curves were drawn for Pg , 

P* . and Pn as wel l as for P1P . the wave reflected from t he top of t he 

interm~diate layer , and for PMP ' the wave reflected from t he top of t he 

mantle . On the reduced traveltime diagram T -~ /6 was plot t ed v s ~ . 
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Figure 5.-- Reduced traveltime diagram and critical ray paths for a two-layer 
crustal model. In the upper part of the diagram, traveltime curves are drawn 
for the principal reflected and refracted waves through the structure: v~ = 6.0 
km/sec, 0 < z < 18 km; V2 • 6. 7 km/sec,l8 < z <Jo km; V3 = 8.0 km/sec, z ,230 km. 
P is the direct wave through the upper layer, and P* and Pn are waves refracted 
afong the tops of the intermediate layer and the mantle, respectively. PrP is the 
reflection from the top of the intermediate layer, and PMP that from the top of the 
mantle. An increase in the velocity from 6.7 km/sec at the top of the second layer 
to 7.0 km/sec at its bottom, as suggested in the lower part of the diagram, changes 
the traveltime curve considerably. PMp arrives earlier but does not continue beyond 
F, at which point it has a ray in common with a wave refracted through the second 
layer. P* probably still exists for short period waves. 
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PrP is tangent to t he P* line where both have the critically-reflected 

ray in common; and at great distances P1P is asymptotic to Pg . PMP is 

tangent to t he Pn line where both have in common the ray which was 

critically reflected from the mantle; and at great di stances PMP is 

asymptotic to P* . 

If velocity increases wi t h depth in a layer the foregoing relation-

ships are altered somewhat , as was shown by A. Mohorovicic (1910) many 

years ago . To illustrate this point , assume that t he velocity in the 

intermediate layer increases linear l y from 6 , 7 km/sec at its top to 7. 0 

km/sec at its bottom. Then , as is sugges ted i n t he sketch below the 

trave ltime diagram (Fig .. 5) , there i.s one ray which grazes the bottom 

of the intermediate layer and returns to the surface at F. This arrival 

i s common to both the wave refrac ted t hrough the intermediate layer and 

the one reflected from t he top of the mant l e (PMP ) . Both of these waves , 

according t o ray theory , are terminated at F. Ray theory cannot predic 

changes in t he behavior of waves such as P* and Pn which are critically 

refracted along layer boundaries . however , 

Several changes in the traveltime curves would result from this 

change in structure . P would arrive slightly earlier , and t he position n 

of t he ray critically reflected from the mantle would be changed slight ly_ 

Most important , the wave reflected from the mantle would Le terminated at 

a distance of about 220 km and a wave refracted through the intermediate 

layer would arrive a l ong a curve joining F (at the point of the hanging 

cusp on the t ravel t ime diagram) and the point a t which PrP is tangent to P* . 
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P* would pr obably still exist, at least in the limit for high-frequency 

waves . Because P* for this structure never is a first arrival and 

because i ts amplitude (by anal ogy with Pn) is probably small. it might 

not be easily identi fiable on the seismogr am. 

Seismic profiles : traveltimes and amplitudes of observed waves and 

structure of t he crust. The primary data on waves observed along t he 

five profiles treated here in are summarized graphically in the travel

time plots ( Figs . 6-10) and in the amplitude plots (Figs o 11-lS) c 

Points representing arr i.val times of a wave at the seismometers on a 

spread nearest and farthest from the shotpoint are connected by a short 

line , the slope of which indicates the apparent velocity of the wave 

across t he spread . 

Initial effort was concentra t ed on fir st ar r ivals , and t r avel time 

lines f or Pg and P
0 

were drawn. Then later arrivals ~ which include t he 

l argest waves on the seismogram ~ were considered . In corre l ating a 

phase from one spread t o t he next s its apparent ve loc i ty and amplitude 

as well as its traveltime were taken in to account " 

Amplitudes of all pha ses timed on the seismogram were determined 

as described earlier . Al l measured ampl itudes were scaled to those 

expected from a 2000 lb . shot on the assumption that ampl i tude is 

proportional to the c harge size . For a selected se t of waves on each 

profile ~ l og amplitude was plotted vs distance (Figs . 11-lS) o These 

amp litude graphs should be considered in asses s ing t he reliability of 

secondary phases wh ich have been identified on t he t rave ltime plots . 
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Basin and Range. The princ ipal waves recorded on profiles in the 

Basin and Range province from shotpoints at Fallon and Eureka are 

sufficiently similar that a single description will cover all profiles . 

The San Franc isco t o Fa llon pro fi le presents several unique prob lems 

which wi ll be dealt with separately. 

Pg recorded along profiles from Fallon and Eur eka has a ve locity 

near 6 . 0 km/sec and is the firs t arrival from a distance of less than 

10 km to that a t which P emerges ahead of it between 130 and 170 km. n 

I t s ampli t ude falls off rapidly wi.th distance (though rather erratically 

along sections of some profi l es (Fig . 13)) . If the Pg amplitude=distanc e 

cur ve is projected to distances where Pn is the fir st arrival» it appears 

that Pg is smal ler than Pn and that it would not be observed as a later 

arrival. Similar results are reported by Healy ( 1963 ) for profiles 

between San Francisco and Santa Monica, California, and by Ryall and 

Stuart (1963 ) for the profile from the Nevada Test Site to Ordway, 

Colorado . Beyond the Pg-P0 crossover, the largest waves on the seismogram 

generally appear within one or two seconds after the projected Pg travel

time line ( Fig . 2) . Apparent velocities of these large waves tend to be 

greater than that of Pg . Such velocities, coupled with later arrivals, 

suggest that t hese are not simple, direct waves. It appears that several 

different "pa ths" contribute to these arrivals~ which were grouped under 

the term P. (Healy, 1963; Ryall and Stuart, 1963) . 
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The wave r efrac ted a l ong the t op of t he mantle , Pn , is the fir s t 

arriva l from the Pg-Pn crossover be t,~een 130 and 170 km to t he end of 

the profiles at about 300 km. I t s intercept and apparent ve loc ity 

var y considerably from pro fi le to profile. Such variat i on s ca n be 

exp ained by changes in cr us ta l struc t ure and by a s ligh decr ea se in 

the velocity at the t op of the man t le from t he western mar gin of the 

Ba s in and Range prov ince toward i ts cent er . Ampl itudes of Pn recorded 

in the Basin and Range province are un i form l y small and appear t o 

diminish wi t h di s t a ce a s about 1/ 6 2. Scat ter in Pn ampli t des was 

too sever e and t he dis t ance over wh ich hi s pha se wa s r ecor ded too 

small to j ustify a more rigorous ana lys i s of the P ampl i tude- di s tance 
n 

r ela t ionsh i p . 

No wave refr ac t ed fr om t he t op of an int er med i ate ayer produc ed 

fir st arriva ls on the Bas in and Range pro files di c s sed here , 

From a bout 60 km to the Pg- Pn cro s sover, t he larges t arr ival~ on 

t he ~ei smogram follow ed Pg by a fract i on to about 3 second s . On t h 

t ravelt ime plots ( Figs . 6- 9 ) t he se ar r i va l s f al l into t wo group s ~ one 

appears to r epresent a wave r e fle c t ed from t he op o f an i ntermediate 

layer ( PI P • Fig 2 a nd t he other ~ from t he top of the mant l e (PMP . 

Fig. 2). I f t hi s i nterpret a t ion i s correc t , we shou l d be able o 

estimate t he pos i i on of t he travel t ime l i ne of t he "masked" r e fract ion 

from the i ntermediate layer . Referr i ng t o Figur e 5 for a t~o~o -layer 

crus t wi t h consta t ve loci t ies t hroughout each l ayer the t r a e lt i me line 

for the intermediate layer refraction ( P*) i . tangent to PI P at the 

critical point and i s t he asymptote approached by PMP a t large distances . 
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As actually observed, P1P appears to approach the Pg line 

asymptotically and to retain large amplitudes to great di s tances 

(Figs . 6 , 7, 8 , 11 , 12 , 13) . The PMP curve has its beginning near 

the Pn line extended toward the shotpoint , and the amplitude of thi s 

phase is extremely large on most profiles from 60 or 80 km to the 

Pn-Pg crossover . Although the trend of the PMP line suggests this 

phase should be recorded be tween Pn and P beyond the crossover , i t is 

generally small in this range , and it cannot be identified wit h con

fidence beyond about 200 km. The rapid di sappearance of PMP with 

increasing distance leaves it somewhat in doubt t hat this phase 

actually "crosses" PrP and P g• A sligh t increa,se i n velocit y with 

depth within t he intermediate layer should cause PMP t o di sappear beyond 

a l imit ing di stance . 

On the traveltime plot s , corrections for near-surface de lays and 

for variat ion in r eceiver elevation were carried out on ly for arrival s 

of keen interest such as Pn , Pg , P1P, and PMP . A so l id circle beside 

an ar r i val ( Pn on l y ) on the travel time plots indica t e s t he correct i on 

for receiver elevat i on . Open circles near arrivals on PMP or PrP 

indica t e corrections for near-surface delays in excess of that for an 

avera ge receiver . These corrections are based on Pg delays at the 

sprea ds i n question and were obtained from Figure 4 . At distances beyond 

100 km Pg tends t o be very weak . If Pg is picked l ate , the corresponding 

corrections for P1P and PMP wi ll be exces sive . 
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Equations for traveltime curves of Pg, Pn, and P*( ?) , the latter 

curve drawn to satisfy the appropriate relationships with PIP and 

PMP, were determined from the traveltime graphs (Figs . 6- 9) , The 

observed curves were then corrected for near-surface delays beneath 

the shotpoint, 8Ts , and beneath the average (range ) 'receiver , 8TR. 

The thicknesses of low-velocity mat erials beneath the shotpoint, h 5 ~ 

and beneath the average (range) receiver , hR, as well as the corres 

ponding delays for Pn and P*(? ) were obtained from Figure 4 on t he 

bas i s of the Pg delays already deduced for t hose locations . 

At t he Eureka shotpoint the Pg delay was 0. 33 second ; and the 

Pg delay beneath the average range receiver west of Eureka was 0 . 33 

second . Although the Pn observat ions from Eureka were made beyond 

t he region where the for egoing r eceiver delay was determined , they 

were obt a ined pr imarily on ranges in a region of similar geology . 

An aver age recei ver Pg delay of 0 . 33 second was assumed for the spreads 

that r ecorded Pn from shots at Eureka . From the Pg delays adopted for 

the Eureka to Fa l lon profile , hs = hR = 0.72 km. 

At the Fallon shotpoint the Pg delay was 0 . 88 second ; and t he Pg 

delay beneath the average range receiver on profiles from Fallon was 

0 . 30 second . The same average Pg delay , 0 . 30 second ~ was assumed for 

spreads r ecording Pn from shots at Fallon . From the Pg delays adopted 

for profi les from Fa l lon ~ hs = 2. 41 km and hR = 0. 65 km, 

Trave lt ime data from profiles in the Bas i n and Range province are 

summarized in Table I . 
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Eureka . 

to 

Fallon 

Fa llon 

to I 

Eureka 

Fallon 

to 

OWen s 

Va lley 

Fa llon 

to 

San 

Fr anc i sco 

Table !- - Travel time data from Basin and Range Profi les . 

pg 

P*(? ) 

Pn 

Pg( av ) 

Pg( range ) 

P*( ? ) 

Pn 

Pg(av) 

Pg( r ange) 

P*( ? ) 

Pn( E) 

Pg(av ) 

Pg( r ange ) 

P*( ? ) 

Ob served TT 
cur ves 

0 . 66 +6/ 5. 98 

3 . 58 +6/6 . 60 

7. 23 +6 / 8 . 05 

1.65 +6/6. 12 

1. 18 +6 / 6. 02 

3 .28 +6 / 6. 60 

5. 62 .6 /7 . 62 

1.63 +1:::. / 6 . 11 

1. 18 +6 / 6 . 02 

3 . 45 +6 / 6 . 58 

7 . 58 +1:::.17 . 90 

1.44 +1:::. / 6 0 15 

1. 18 6/6 . 02 

3 . 85 +6. / 6 . 72 
(ve locity 
P a ssumed)6 . 87 +6. / 7. 90 

n _j 
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DfR 
0. 33 0 .33 

0.25 0 .25 

0.25 0. 25 

0 . 88 0 . 30 

0. 68 0 .23 

0 . 65 0 . 23 

0 . 88 0. 30 

0 . 68 0 . 23 

0 . 65 0. 23 

0 . 88 0.30 

0. 68 0. 23 

0 . 65 0 . 23 

Corr ec t ed TT 
curves 

6 / 5 . 98 

3 . 08 +6 / 6.60 

6 . 73 -tf:::::. / 8 , 05 

6 / 6 . 02 

2 .37 +6 /6 . 60 

4. 74 +6 /7. 62 

6 /6. 02 

2 .55 +~/6 . 58 

6 . 7 0 +6 17 . 9 0 

6 / 6 . 02 

2. 94 +6. /6 , 72 

5. 99 +1:::. /7 . 90 



An additional arrival on the Eureka to Fallon profile (Fig . 6) 

is a small but distinct phase that precedes PIP by about 0 . 4 second 

from 60 km to the Pg-Pn crossover. The amplitude of thi s phase 

(designated by I ) is plotted vs dis tance in Figure 11 . It might 

represent a wave reflected from a horizon in t he crust above that 

responsible for P1P. 

Several features of the Fallon to Eureka t ravel time graph (Fig. 7) 

beside those summarized in Tab le I deserve mention . Between 250 and 

300 km three sets of arrivals with ve locities near tha t of Pn follow 

Pn after interval s of 1. 2 , 2. 3 , and 3 . 5 seconds . Clusters of abnormally 

prominent arriva ls in the P region of the traveltime graph at di stances 

of approximately 145 km , 215 km , and 280 km suggest repeated reflections 

of energy near the critical ang le from the t op of the intermediate layer . 

The half-sec ond lag of (corrected ) PMP arriva l s wi t h respec t t o the 

ext ension of the Pn line sugge s t s a change in the inclination of t he top 

of the mant l e east of Fallon : i . e., it seems t hat t he eastward dip of 

the mant l e begins (or increases) abou t 50 km east of the shotpoint . 

Fallon to Eureka . Crustal structure between Fallon and Eureka was 

computed by t he standard "di pping bed" refraction equations (Mota . 1954) 

from the corrected trave lt ime curves for t hese two profiles . These 

equations assume plane , cont i nuous boundar ies from shotpoint to shot

point along t he profile . 

For t he ve locity of P in the principal crustal layer ~ the mean of 

the Eureka and Fallon Pg ve loc it ies. 6 . 00 km/sec , was adopted . Neglect

ing t he possible intermediate layer j the mantle dip s from Fallon 
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toward Eureka at an angle of 1.7° and has a P velocity of 7.82 km/sec. 

The depth to t he mantle beneath Fallon is 22 .2 km and beneath Eureka, 

31.5 km. 

If t he intermediate layer is present, it has a velocity of 6 . 6 

km/sec and dips from Fallon toward Eureka at an angle of 1°. Benea t h 

Fallon it lies at a dept h of 17 . 2 km and beneath Eureka» at 22.3 km . 

The top of the mantle has a velocity of 7.82 km/sec and dips from 

Fallon t oward Eureka at an angle of 2° . It lies 24 . 1 km beneath Fallon 

and 33 . 9 km beneath Eur eka . Both interpretations result in a surprisingly 

thin c r ust beneath the Fallon shotpo i nt. Soda Lake , in which the shots 

were detonated,may be underlain by int r usive r ocks of abnormally high 

velocity. The t hin crust here a scribed to the Fal lon shotpoint may be 

of l imited hor i zontal extent . 

Fallon to Owens Valley. The reflected phases P1P and PMP . were 

especially prominent on the profile from Fallon to Owens Val l ey ( Figs . 8 

and 13). Pn arr iva ls beyond 250 km on this profi le were recorded both 

along the east s ide of the Sierra north of Owens Valley and on the west 

f lank of the Sierra north of Portersville . Only arrivals east of t he 

Sierra were considered in drawing the P
0 

traveltime line . Ar rivals on 

the west flank of t he Sierra ~ t hough large in amplitude (Fig . 13), are 

delayed between 0. 2 and 0 . 9 second wit h r espect to this line. 
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Because this profile was not reversed and because observed wave 

velocities were not extreme , an average crustal str ucture along i t 

was calcu lated on the usual assumptions of constant layer velocitie s 

and flat-ly ing boundaries between layers . 

Disregarding the possible intermediate layer, the average t h icknes s 

of the crust ( veloci t y 6. 02 km/sec) along the profile is 31. 1 km. If 

the single-layer Fallon crust obta ined from the Eureka-Fallon profile 

is adopted for the shotpoint , then the cr ust must be th ickened t o 40 . 0 

km beneath the profile north of Owens Valley . 

If the intermediate l ayer is accepted as r eal the average thic kness 

of the fir s t layer (ve locity 6 . 02 km/sec) is 19 . 0 km , and t hat of the 

second layer (ve locity 6 . 58 km/sec) i s 15.5 km 3 f or a crustal t hicknes s 

of 34 . 5 km . On the assumption that the 2-layer Fal l on cr us t ob t ained 

from the Eureka-Fallon profile is the actual struc ture at t he shotpoint , 

the dept h t o the int ermediate layer is 20. 8 km and that t o t he Moho i s 

44. 9 km north of Owens Valley . Because PMP is observed within 100 km 

of Fallon and because i t lies a long t he Pn line determined by arrivals 

a long t he south half of t he profile, the principal thickening of the 

crust a long this profi le mu st occur less than 50 km south of Fallon . 

The average de lay of Pn at the f our mo s t distant trans-Sierra 

receivers is 0.6 second. If this de l ay is caused _by a s imp le thickening 

of the "granitic" crus t at the expense of the mantle p the crust beneath 

t he high centr al part of the Sierra is about 7 km thicker than i t is 

north o f Owens Valley , or about 50 km t h ick. 
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Fallon to San Francisco. On the profi le from Fa llon to San Francisco , 

three arrivals between 40 and 65 km might be due to PMP from the shallow 

mantle beneath Carson Sink . A series of good arrivals falling above the 

extens ion of the Pn line appears to represent PMP from 90 to 200 km. 

Other interpretations are possible for some of the arrivals on this cur ve . 

Observed Pn arrivals over a range of 60 km just west of the Sierra 

crest determine a velocity of only 7. 64 km/ sec . Because this profile was 

not adequately reversed ~ the dip of the Moho and the upper mantle velocity 

along it cannot be calculated . To obtain an est i mate of the average 

crustal structure west of Fa llon, a line was drawn through the Pn arriva l s 

near the Pg- Pn crossover with a slope corresponding to the Pn velocity 

observed on the Fallon to Owens Valley profile , 7. 90 km/sec . 

Neglecting the possible intermediate layer 9 the average thickness of 

the crust along this profile is 31 . 1 km. If the str~cture at Fallon 

determined from the Eureka~Fallon profile (1-layer crus t) i s accepted for 

the shotpoint , the thickness of the crust beneath the Sierra west of 

Fallon is 40 . 0 km . 

If the intermediate layer is not neglected, the average depth to its 

upper surface is 19 . 9 km and the depth to the mantle is 33 . 7 kmo For the 

two-layer cr ust beneath the shotpoint obtained from the Eur eka-Fallon 

profile , the depths to the intermediate layer and to the mantle beneath 

the Sierra west of Fallon must be 22 . 1 km and 42. 8 km ~ respectively , 

On the evidence of the interruption of PMP between 65 and 90 km 9 it 

appears that the cr ust thickens abruptly about 40 km west of Fa llon . 
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San Francisc o to Fallon. The profile from San Francisco t o Fa llon 

presents several unu sual difficulties . The shotpoint in the Pacific Ocean 

25 km s outhwe s t of Golden Gate is about 20 km we s t of the San Andreas 

f au lt , along which large s trike s lip has occurred in Cenozoic time . Along 

the San Andreas in central California ~ a terrain with gran itic basement 

rocks on the wes t has bee n brought into contac t with one with a Franc i scan 

basement on the east (King , 1959 ). It appear s tha t the fault i s a profound 

fea ture along which the entire sialic crus t on one side of the fault has 

been d i sp l aced a large di s t ance wi th res pec t t o that on the other s ide . 

The r ece iver neares t the shotpoint was in Golden Gate Park , eas t of 

the San Andreas ~ above a Franci s can basement . The next three r eceivers 

were in the Berke l ey Hill s eas t of San Francisco Bay , s t i ll above a 

Franciscan basement but res ting on fol ded rocks of younger age . The 

profile then extends onto the deep sediment s of the Great Valle y in the 

low- lying "Is l ands" r e gion of the confluence of the Sacrame nto a nd San 

Joaquin r iver s. 

Depth to basement i n this region mi ght exceed 30,000 feet ( Bowe n , 

1963 ) . High noi se levels from agricultural ac tivities . moreover , made 

recording very difficult . Eas tward the depth to basemen t dimini shes 

rapidly , until it outcrops in the wes t e rn foothill s of the Sierra Nevada . 

Farther eas t , the ground surface ri ses t o great height s : a critica l l ow

noise recording was obta i ned at 7 , 300 f ee t near Lake Tahoe . 
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If corrections are applied only for ground-surface elevation , the 

fir st arrivals determine the following traveltime lines : 25 to 90 km, 

T = - 0 .20 ~/5.36 sec; 120 to 160 km, apparent velocity 10. 5 km/ sec; 

and 160 to 275 km, T = 1.96 ~/7.04 sec . 

Generally low crustal P velocities in central California have been 

recognized by Byerly (1939) for many years . First arrivals from quarry 

blasts at Richmond recorded east of the San Andreas fault and as fa r 

south as Mt . Hamilton are plotted on the traveltime cur ve (Fig . 10) a s 

R (Byerly and Wilson ~ 1934; Tocher, 1956 ) . The Por t Chicago Explos ion 

first arrivals are plotted as C ( Byerly , 1946) . As t he Port Chicago 

Explosion origin time was somewhat in doubt , a time was chosen so that 

first arrivals at Berkeley, San Franc isco , and Palo Alto conformed to 

the Richmond Quarry blast travelt imes . From t hese data it seems c lear 

that the velocity of P through t he cr ust east of t he San Andreas i n 

this region is l ow , not greater t han 5. 6 km/sec . An inter cept of about 

0 . 3 seconds for the crustal P wave is indicated by the Richmond Quarry 

blast data. First arrivals along the present profile lead t hose from 

the Richmond Quarry blast by several tenths of a second . Higher cr ustal 

velocities west of the San Andreas are needed to explain t his di screpancy . 

If near-surface delays are the same on both sides of the faul t , a cr us t al 

velocity of about 6 . 0 km/sec west of the fault is r equired . Such a 

velocity is in general agreement with the results repor t ed by Hea l y (1963 ) 

for the profiles between San Francisco and Camp Robert s ~ which l ie entire l y 

within the area with granitic basement rocks west of the fault . 
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From geologic evidence the dep~h to basement beneath the spreads 

recorded in the Great Valley can be estimated (Bowen , 1962 ) . For the 

records obtained at ranges of 91 km , 103 km , 120 km , 136 km , 159 km , 

and 166 km, the dept hs are;>3o,ooo ft ., ;>3o,ooo ft . , 2o,ooo f t . , 

11 ; 500 ft . , 3500 ft . , and 1500 ft . , respectively . Pn delays for such 

thicknesses of sediments were obtained from Figure 4 . Traveltimes to 

valley receivers , corrected for the near-surface delays in excess of 

that corresponding to a Pg intercept of 0. 3 sec, are plot ted as open 

circles on the traveltime graph (Fig . 10) . A line through these points 

has the equation T = 4 . 50 +~/ 7. 9 2 sec » not unreasonable for Pn ' The 

large apparent velocity indicated by the "raw" arrivals between 120 

and 160 km is removed . First arrivals from the Richmond Quarry blasts 

and the Port Chicago Explosion at ranges of 80 to 95 km fall close to 

this curve and support its small intercept and small Pg- Pn crossover 

distance . Beyond 160 km , the ear l iest arrivals fall on the line 

T = 1. 78 +~/7 . 01 sec ; and a somewhat stronger arrival about 1/2 second 

later determines a line with a velocity of 6 . 90 km/sec . The low velocity 

of first arrivals along this section of the profile appears to be the 

result of a rapid eastward thickening of the crust beneath the Sierra 

Nevada . 

Amplitudes of first arrivals beyond 90 km fall off rather steeply 

to a dist ance of 190 km. At greater dist ances they increase somewhat . 

The break in ampli tude does not occur at the same distance as the break 

in velocity. 
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Calculations of struc ture from evidence such as is presented 

above must be arbitrary . Because the shotpoint was in "granitic" 

terrain and the Pn data were obtained above a "Sierran" basement, 

a velocity of 6 . 0 km/sec was assumed for Pg • The Richmond Quarry 

blas t intercept of 0 . 3 second was adopted for Pg • For Pn t he curve 

based on the corrected Great Valley traveltimes was accepted. For 

a Pg intercept of 0. 3 second , the total near-surface delay of Pn is 

abou t 0 . 24 second . Traveltime curves, corrected for near-sur f ace 

delays , for t his profile are : Pg ~~ /6 . 0 ; Pn' 4 . 26 +~/7 . 9 2. 

The average crustal thicknes s corresponding to these t raveltime 

curves is 19.6 km. Healy r eports a thickness at San Francisco a long 

his coastal pr ofile of 23 km. I f this thickness is accepted for the 

crust a t the shotpoint , that beneath the Great Valley would be only 

about 16 km . 

To account for the l ow speed of Pn( ? ) beyond 160 km by the 

thickening of material of velocity 6. 0 km/ sec over that of veloc ity 

7. 92 km/sec » the Moho must dip east along the prof i le a t nearly 11° . 

From the position of the break in the P (? ) trave l time curve , the 
n 

thickening appears to begin beneath the va l ley just eas t of the line 

bet ween Sacramento and St ockt on ; and t he slope extends eas tward for 

a di stance of at least 115 km. If i t continues to the crest of the 

Sierra (about 140 km from its beginning on the west) it would car ry 

the Moho to a depth of about 45 km. 
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H. W. Oliver (wr itten communication) offers strong evidence from 

measurements of gravity that the crust begins to thicken a long t he 

eastern margin of the Great Valley rather than along the line suggested 

by the break in the Pn(?) traveltime curve . As noted earlierp the 

break in the Pn(?) amp litude curve occurs about 30 km northeast of the 

break in the traveltime cur ve. I f the edge of the Sierran root were 

placed to exp lain the break in amplitudes, it would lie along the 

eastern margin of the Great Valley , in agr eement with resu lts f rom gravity. 

Additional seismic data must be obtained before this problem can be 

pursued f arther profitably. 

Summary. In the part of the Basin and Range province t r aversed 

by profiles reported in this paper , the velocity of Pg is very near 

6 . 0 km/sec . A decrease from 6.02 km/sec at Fallon to 5. 98 km/sec at 

Eureka is suggested by the data, but this decrease is smaller than the 

corrections t o the raw Pg velocities observed near Fallon which are 

required by an analysis of near- surface Pg delays . Early Pg arrival s 

from Fallon at receivers in t he eastern Sierra Nevada indicate that the 

velocity of Pg in that province might be somewhat greater than 6 . 0 km/sec . 

The velocity of P
0 

between Fallon and Eureka , on the basi s of the 

r eversed profile between those shotpointsp is 7.8 km/sec . A slightly 

higher velocity, 7. 9 km/sec 9 was obtained for P
0 

along the unreversed 

profile from Fallon to Owens Val ley along the eastern edge of the Sierra 

Nevada. 
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Tw o prominent waves which fo llow t he f irs t arrival closely at 

distances between 50 and 250 km appear to be reflections f r om an 

intermediate layer, P1P , and from t he Moho , PMP. The veloci ty of P 

a t t he top of the i ntermediate layer (if such a layer does exis t ) is 

abou t 6.6 km/sec, and it might i ncr ease to as much as 7. 0 km/sec a t 

t he bottom of the layer . 

On the profi l e from San Francisco to Fallon , fi rs t arr i vals 

between 24 and 70 km support t he low cr us t al P velocities previously 

reported by Byerly (1939 ) and by Tocher ( 1956) for the central Coas t 

Ra nges. Firs t arrivals from the Richmond Quarry blasts recorded 

between 7 and 70 km along a "line" nearly perpendicular t o the San 

Franc isco to Fallon profi le fall on a traveltime line with a velocity 

of 5.6 km/ sec and an inter cept o f +0. 3 sec . The present data establish 

a line with a velocity of 5.4 km/sec and an i ntercept of -0.2 sec. To 

account for the negative i ntercept an appeal mus t be made to Geology . 

King (1959 ) stresses the contrast in basement rocks on oppos ite s ide s of 

the San Andreas Fault in t hi s region : granit ic on the west and Franciscan 

on the east. Source 9 wave paths. and receivers of t he Richmond Quarry 

blas t data reported above lay east of the San Andreas in the region of 

Franciscan basement rocks . The shotpoint and the fir st 20 km of the San 

Francisco to Fallon profile lay wes t of the San Andreas in the r egion of 

granitic basement rocksj while all of the r eceiver s were east of the fault . 

Thus, it appear s t hat the ve locity of P in the crust beneath the area 

underlain by Fr anciscan basement is 5.4 t o 5.6 km/sec, distinctly lower 

than the 6 . 0 km/sec observed i n the Basin and Range province, 
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On the other hand, Healy (1963) reports Pg velocities of 6.0 

km/sec or greater ~long the profile from San Francisco to Santa Monica, 

the entire profile lying west of the San Andreas Fault above a granitic 

basement. If the velocity of P in the crust is about 6.0 km/sec from 

the San Francisco shotpoint to the San Andreas Fault and about 5.4 km/ sec 

beyond the fault, and if the near-surface Pg delays on the t wo sides of 

the fault are approximate ly equal, then the obser ved travelt ime curve 

is the expected one . 

When first arrivals in the Great Valley are corrected for the delays 

expected from the thick» unconsolidated sediment s~ they establish a P0 

traveltime line with a velocity of about 7. 9 km/sec. The low apparent 

velocity of first arrivals recorded beyond the Grea t Valley i ndicate 

that the Moho dips beneath the Sierra . For a 6.0 km/sec crust above a 

7. 9 km/sec mantle, t he apparent dip of the Moho should be about 11° 

northeastward along the profile. The posit i on of t he break in Pn velocity 

from 7.9 km/sec to 7,0 km/sec indicates that the crust begins to thicken 

about 35 kilometers west of the eastern margin of the Great Val ley. The 

Pn ampli tude curve suggest s, however, that t hickeni ng begins beneath the 

eastern margin of t he valley. 

West of t he San Andreas Fault, t he crust, if interpreted as a single 

layer, is about 20 km thick (possibly a f ew km thicker ) and has a P 

velocity of about 6 .0 km/sec (Fig. 16). East of the San Andreas~ beneath 

the Coast Ranges and the western part of the Great Valley , the cr ust is 
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somewhat thinner than 20 km (perhaps as thin as 16 km). The velocity of 

P in this region of Franciscan basement is low~ not greater than 5.6 

km/sec. The thick sequence of post-Franciscan sedimentary deposit s 

beneath the Great Valley ( Bowen, 196 2) displaces approximately half 

of the crust beneath the western part of the valley. On the east. these 

deposits are underlain by Sierran ba sement; on the westp presumably by 

Franciscan basement. It seems likely that Franciscan rocks of the Coast 

Ranges compose the entire crust in that region. lying direct ly on the 

mantle or on an ancient oceanic crust. Insufficient stewing in the geo

t hermal furnace at great depth» required to raise the metamorphic rank 

of sediments to that of typical crystalline crust. perhaps explains t he 

low P velocities of these rocks. 

East of the midd l e of the va l ley the crust begins to t hicken 

rapidly toward t he east beneath the Sierra Nevada. At t he 11° dip 

indicated by low Pn ve locities recorded up the western slope of the 

Sierra, the Moho should descend t o a depth o f 40 to 45 km beneath t he 

high central part of the range, A thicker crust beneath t he high Sierra 

south of this profile is indicated by de lays in Pn on the west side o f 

the range from shot s at Fallon. 

East of the Sierra Nevada, reflected waves indicate that the crust 

may be composed of two layers; so two interpretations of the travelt ime 

curves are possible. Beneath the Fallon shotpoint in Carson Sink near the 

wes tern edge of t he Basin and Range province, the crust is only 22 km t hick 

according to a single-layer interpretation. It t hickens rap idly to abou t 
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40 km beneath the Sierra toward the west and beneath the wester n border 

of t he Basin and Range province adjacent to the Sierra t oward the sou t h . 

From the eastern margin of Carson Sink the crust thickens more gr adual ly 

toward Eureka, where it attains a thickness of about 32 km . 

If we accept the probable intermediate layer indicated by P1P in the 

Basin and Range province, total crustal thicknesses are increased by 2 to 

5 km. 
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